Enveloped viruses require a membrane fusion event to release virions from the host cell at the final step of their life cycle. It has been shown that viral matrix proteins such as Gag for retroviruses, VP40 for Ebola virus, and M for rhabdoviruses including vesicular stomatitis virus (VSV) and rabies virus (RV) are by themselves able to bud from the cell surface in the form of lipid-enveloped virus-like particles (VLPs), suggesting that these proteins play important roles at this latebudding step (21, 23, 28, 43, 51) . Subsequent investigations have shown that these proteins possess late-budding domains (L-domains), which are critical for efficient budding. To date, three L-domain motifs (PPxY, PT/SAP, and YxxL, where x is any amino acid) have been identified in these viral matrix proteins (12) . The majority of retroviruses possess PPxY and/or PT/SAP motifs except for equine infectious anemia virus, which possesses a YxxL motif (15, 19, 26, 40, 49, 53, 57) . Ebola virus VP40 possesses overlapping L-domain motifs ( 7 PTAP 10 and 10 PPEY 13 ), and a PPPY motif is present in M proteins of VSV and RV (10, 17, 18, 22) . Different viral L-domains are functionally interchangeable between viruses belonging to heterologous families. For example, the PTAP motif of human immunodeficiency virus type 1 (HIV-1) Gag can be functionally replaced by the heterologous YPDL motif from EIAV Gag or the overlapping PTAPPEY motif from Ebola virus (27, 30) .
Specific host proteins have been implicated in mediating the activity of each L-domain. For example, the YPDL motif of EIAV p9 was reported to interact with the AP-2 clathrin adaptor, which is involved in endocytosis of certain transmembrane proteins and which relocalizes AP-2 to the budding site (41) . More recently, the YPDL motif was shown to interact with host protein AIP1, a central component of the MVB pathway (29a, 47a, 52a) . The PPxY motifs of retroviruses, rhabdoviruses, and Ebola virus interact with the Nedd4-like E3 ubiquitin ligase via its WW domains (17, 18) . Interactions between the PT/SAP motif of HIV-1 and Ebola virus and cellular tumor susceptibility gene 101 (TSG101) have been well characterized (13, 14, 29, 30, 39, 50, 52) . For example, studies using a series of HIV-1 p6 mutants show good correlation between the ability of these mutants to interact with TSG101 and the efficiency of virus budding (13, 14, 39, 52) , and depletion of TSG101 by small interfering RNA (siRNA) inhibits HIV-1 budding significantly (13) . It has been suggested that the PTAP L-domains of HIV-1 and Ebola virus may function to recruit TSG101 to the sites of particle assembly in order to facilitate virus egress (30) . The ESCRT-I (endosomal sorting complex required for transport) complex consists of the class E vacuolar protein sorting proteins VPS23, VPS28, and VPS37 in yeast (24) . ESCRT-I plays a conserved role in sorting proteins into the multivesicular body (MVB) in mammalian cells. Depletion of the human ortholog of VPS23p, TSG101, causes a defect of epidermal growth factor receptor trafficking consistent with the results observed in yeast (4) . It has been suggested that ESCRT-I acts together with ESCRT-II and ESCRT-III complexes to regulate MVB sorting in a sequential manner (2, 3) . In the final step of vacuolar sorting, an AAA-ATPase, VPS4, interacts with ESCRT-III to catalyze the release of the class E factors from the membrane (1, 5) . Catalytically inactive VPS4A displays a dominant negative (DN) phenotype and induces the formation of aberrant enlarged endosomes lacking internal vesicle accumulation (1, 5, 7) . Dominant negative (DN) VPS4A proteins lacking the ability to bind or hydrolyze ATP were shown to inhibit budding of PTAP-containing HIV-1 as well as PPxY-containing murine leukemia virus (MuLV), suggesting that both types of retroviruses are dependent on VPS4 for efficient budding (13) . In contrast, depletion of cellular TSG101 affected the budding of HIV-1 but not of MuLV (13) . A dominant negative mutant of VPS4A has also been shown to reduce the budding of infectious Ebola virus by approximately 10-fold (29) . The importance of host proteins VPS4A and TSG101 in the budding of rhabdoviruses remains to be determined.
In this study, we compared the functions of L-domains derived from viruses belonging to either the Filoviridae (Ebola virus), or the Rhabdoviridae (VSV and RV) families. Our results not only demonstrate that the L-domain of VSV M protein can be functionally replaced by that of Ebola virus VP40 but also that the VP40 L-domain enhances the budding of M protein by 11-fold. Interestingly, overexpression of DN VPS4A or depletion of TSG101 by siRNA reduced the budding of proteins having the Ebola virus L-domain but did not significantly affect the budding of proteins having a rhabdovirus L-domain. Furthermore, DN VPS4A expression or depletion of TSG101 failed to inhibit the budding of infectious VSV and RV. Taken together, these results suggest that although filoviruses and rhabdoviruses bud in an L-domain-dependent manner, there are key differences in their dependence on specific host proteins for efficient budding.
MATERIALS AND METHODS
Cells and viruses. BHK-21, COS-1, and human 293T cells were maintained in Dulbecco's minimum essential medium (Life Technologies, Rockville, Md.) supplemented with 10% fetal calf serum (HyClone) and 1ϫ penicillin-streptomycin (Life Technologies). VSV (Indiana serotype) and a recombinant vaccinia virus (VvT7), which expresses a bacteriophage T7 RNA polymerase, were propagated in BHK-21 cells. Virus stocks were subjected to titer determination by plaque assay on BHK-21 cells.
Plasmid construction. A plasmid encoding VP40-WT has been described previously (29) . The VSV M gene was inserted into the EcoRI and XhoI restriction sites of the pcDNA3.1(ϩ) vector (Invitrogen) to yield pT7-Mwt by using a standard PCR and cloning techniques. A chimeric M gene (M40; see Fig. 1A ) was constructed using primers 5VSVMEcoRI (TATATGAATTCACCATGAG TTCCTTAAAGAAGAT), 3VSVMXhoI (TATATCTCGAGTCATTTGAAGT GGCTGATAGAATC), 5VSVMVP40L (TATATGGATCCGGAATATATGG AGGCCATAAGCATGGAGTATGCTCCG), and 3VSVMVP40L (TATATTC CGGAGGAGCAGTAGGCAATATAACCCGTTTCTTAGATTTCTTACC) to contain the L-domains of Ebola virus VP40. M40 was inserted into the EcoRI and XhoI sites of the pcDNA3.1(ϩ) vector. The expression plasmid encoding hemagglutinin (HA)-tagged TSG101 was kindly provided by P. Bates (University of Pennsylvania), and plasmids encoding enhanced green fluorescent protein (EGFP)-fused VPS4A-WT and DN mutants VPS4A-E228Q and VPS4A-K173Q were kindly provided by W. Sundquist (University of Utah). These EGFP-fused VPS4A genes were also subcloned into the NheI and BamHI sites of the pcDNA3.1(ϩ) vector for expression of these genes by bacteriophage T7 polymerase in the VvT7 expression system.
The genes encoding VPS4A-WT and the two DN mutants VPS4A-K173Q and VPS4A-E228Q were PCR amplified from pEGFP-C1-VPS4-WT, pEGFP-C1-VPS4-K, or pEGFP-C1-VPS4-E, respectively, using the forward primer 5Ј-TTT CGTACGACATGACAACGTCAACCCTCC-3Ј, containing a BsiWI site (boldface), and the reverse primer 5Ј-AAAGCTAGCTTAACTCTCTTGCCCAAAG TC-3Ј, containing an NheI site (boldface). The PCR products were digested with BsiWI and NheI and cloned into the previously described recombinant vaccine strain-based rabies virus cDNA (pSPBN) (32) . The resulting plasmids were designated pSPBN-VPS4-WT, pSPBN-VPS4-K, and pSPBN-VPS4-E. These recombinant viruses express only wild-type or mutant VPS4A proteins and not green fluorescent protein (GFP)-VPS4A chimeric proteins.
Antibodies. Monoclonal antibody (MAb) 23H12 specific for the M protein of VSV was kindly provided by D. S. Lyles (Wake Forest University School of Medicine, Winston-Salem, N.C.). Antibody against the VP40 of Ebola virus was kindly provided by J. Paragas (U.S. Army Medical Research Institute for Infectious Diseases, Fort Detrick, Md.). Monoclonal antibodies against the HA epitope tag (Roche Biochemicals, Indianapolis, Ind.), GFP (Torrey Pines Biolabs Inc.), and human TSG101 (4A10; Gene Tex) were used as specified by the suppliers.
Budding assay. A functional budding assay for VP40 has been described previously (29) . The VvT7-based budding assay for VSV M has been described previously (16) . Briefly, cells cultured in six-well plates were infected with VvT7 at a multiplicity of infection (MOI) of 10 and then transfected with the indicated plasmids using Lipofectamine (Invitrogen). At 2 h posttransfection (p.t.), the cells were metabolically labeled with [
35 S]Met-Cys (Perkin-Elmer) (100 Ci/ml) for 8 h. Culture medium was harvested and clarified by centrifugation at 2,500 rpm for 10 min. The supernatant was then centrifuged at 36,000 rpm (Beckman SW41 rotor) for 2.5 h through a 10% sucrose cushion. The pellet was suspended in 400 l of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS]), immunoprecipitated with anti-M MAb, and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). Cells were washed with 1ϫ phosphatebuffered saline and lysed in 400 l of RIPA buffer. The cell lysates were also immunoprecipitated with appropriate antibodies and analyzed by SDS-PAGE. Protein bands were visualized by autoradiography and quantitated by densitometry with the ImageJ 1.2.4 program or PhosphorImager.
Recovery of infectious RV from cDNA. Recovery of recombinant RV using reverse genetics has been described previously (45) . Briefly, BSR-T7 cells, which stably express T7 RNA polymerase, were transfected with 5 g of full-length RV cDNA in addition to plasmids encoding RV N, P, L, and G proteins by using a calcium phosphate transfection kit (Stratagene), as instructed by the vendor. At 3 days posttransfection, supernatants were transferred onto fresh BSR cells; infectious RV was detected 3 days later by immunostaining with fluorescein isothiocynate against the RV N protein (Centocor, Inc.). The VPS4 inserts were confirmed by reverse transcription-PCR, restriction endonuclease digestion, and automated DNA sequencing.
VPS4A transfection and VSV infection. Cells cultured in six-well plates were transfected with the appropriate amount of VPS4-WT or VPS4-EQ by using Lipofectamine. At 24 h p.t., the cells were infected with VSV at an MOI of 0.1 and metabolically labeled with [
35 S]Met-Cys. At 0, 4, 6, 8, 10, and 12 h postinfection (p.i.), culture medium was harvested and clarified at 2,500 rpm for 5 min. The supernatant was then centrifuged at 36,000 rpm (Beckman SW41 rotor) for 2.5 h through a 20% sucrose cushion. Virion pellets were suspended in 400 l of RIPA buffer, immunoprecipitated with anti-M MAb, and analyzed by SDS-PAGE as described above. Cells were also harvested at 12 h p.i. and analyzed in the same way as described above. Nonradiolabeled samples were also prepared, and the virus yield at each time point was determined by a plaque assay using BHK-21 cells.
Multicycle growth curve of recombinant RVs. BSR cells were plated in 60-mm-diameter dishes and infected at an MOI of 0.01 with SPBN, SPBN-VPS4-WT, SPBN-VPS4-K, or SPBN-VPS4-E 16 h later. After incubation at 37°C for 1 h, inocula were removed and cells were washed four times with phosphatebuffered saline to remove any unabsorbed virus. A 3-ml volume of complete medium was added back, and 100 l of supernatant was removed at various time points after infection. Virus aliquots were subjected to titer determination in duplicate on BSR cells. siRNA transfection. Human 293T cells cultured in six-well plates were transfected with a combination of 0.2 g of TSG101-specific or nonspecific siRNA (Dharmacon Inc.) and 2.0 g of pCAGGS.MCS vector by using Lipofectamine 2000 (Invitrogen). At 24 h p.t., the cells were transfected a second time with the same combination of siRNA and plasmid. After 12 h the cells were used in the budding assay as described above or infected with VSV at an MOI of 0.1. At 10 h p.i., culture medium and cells were harvested and analyzed as described above. The virus yield was determined by a plaque assay using BHK-21 cells.
RESULTS

Comparison of budding efficiency between L-domains of VSV M and Ebola virus VP40.
It has been reported that the integrity of amino acid sequence of not only the L-domains themselves but also their flanking amino acids are important for their functions (30, 53) . To compare the functions of Ldomains found in VSV M and Ebola virus VP40, a chimeric M protein (M40) was constructed in which the PPPY motif and flanking amino acids of M protein were replaced by PTAPPEY and flanking amino acids of VP40 (Fig. 1A) . The ability of both Mwt and M40 to bud as VLPs was examined using a functional budding assay. Cells were first infected with VvT7 and then transfected with the Mwt or M40 plasmids. VLPs were harvested from the culture medium of Mwt-or M40-transfected BHK-21 cells by ultracentrifugation through a sucrose cushion followed by immunoprecipitation with anti-M MAb. A striking difference in budding efficiency was observed between Mwt and M40, although equivalent amounts of the two proteins were detected in cell lysates (Fig. 1B) . Average quantitation data from six independent experiments revealed that the budding efficiency of M40 VLPs was approximately 11-fold greater than that of Mwt VLPs (Fig. 1C) . These results indicate that the PPPY motif and flanking amino acids of VSV M can be replaced with the PTAPPEY motif and flanking amino acids of VP40 to generate a more efficient budding protein.
DN VPS4A inhibits budding of VP40 VLPs. VPS4A is an ATPase and is one of the final effectors in the MVB sorting pathway in cells (1, 5) . Recent studies using DN VPS4A proteins indicate that the enzymatic activity of VPS4A is required for efficient budding of HIV-1, MuLV, and Ebola virus (13, 29) . We sought to determine whether DN VPS4A would inhibit the budding of viral matrix proteins independent of their L-domain or whether inhibition of budding by DN VPS4A is L-domain specific. We first transfected cells with either VP40-WT or VP40-dPTA mutant, in which the 7 PTA 9 amino acids have been deleted to disrupt only the PTAP motif. At the same time, we cotransfected cells with either VPS4-WT or DN VPS4-EQ (Fig. 2) . VLPs were pelleted from the culture medium, and VP40 was detected by immunoprecipitation. Protein expression controls demonstrate that equivalent amounts of VP40-WT and VP40-dPTA were expressed in transfected cells ( Fig. 2A) . In contrast, budding of VP40-WT VLPs was reduced by an average of 6.3-fold in the presence of VPS4-WT and more dramatically (670-fold) in the presence of VPS4-EQ (Fig.  2B, lanes 1 to 3) . As expected, budding of VP40-dPTA in the absence of VPS4A proteins was reduced compared to that of VP40-WT (compare lanes 1 and 4) . The level of VP40-dPTA budding observed is probably due to the remaining presence of the PPEY motif. Interestingly, budding of VP40-dPTA was reduced by an average of fivefold in the presence either VPS4-WT or VPS4-EQ (compare lanes 5 and 6). These results suggest that the enzymatic activity of VPS4A is clearly required for efficient budding of a PTAP-containing VP40 protein (VP40-WT) but is not required for budding of a PTAP-deficient VP40 protein (VP40-dPTA).
DN VPS4A inhibits the budding of M40 but not of Mwt. To determine further that inhibition of budding by DN VPS4A occurs in an L-domain-specific manner, we compared the effect of DN VPS4A expression on budding of Mwt and M40 (Fig. 3) . BHK-21 cells were first infected with VvT7 and then cotransfected with a combination of Mwt or M40 plus either VPS4-WT or VPS4-EQ. Expression of equivalent amounts of VPS4-WT and VPS4-EQ in cells was readily observed as a control (Fig. 3A, lanes 7 to 12) , as were equivalent amounts of Mwt and M40 (lanes 1 to 6). Interestingly, budding of Mwt was unaffected by coexpression of either VPS4-WT or VPS4-EQ (Fig. 3B, lanes 1 to 3) . In contrast, budding of M40, although slightly reduced in the presence of VPS4-WT, was more significantly reduced in the presence of VPS4-EQ (lanes 4 to 6). Quantitation of protein expression from three independent experiments revealed that the amount of Mwt in VLPs was virtually unchanged in the absence or presence of VPS4 proteins whereas the amount of M40 in VLPs was reduced approximately 10-fold in cells coexpressing VPS4-EQ (Fig. 3C) . These results indicate that budding of M40 was inhibited by DN VPS4A whereas budding of Mwt was not. Taken together, these results suggest that dependence on host VPS4A for efficient budding is regulated, at least in part, by characteristics of the viral L-domain motif. DN VPS4A does not inhibit budding of VSV or RV. We next sought to determine whether expression of DN VPS4A would inhibit the budding of live virus (Fig. 4) . COS-1 cells were first transfected with either VPS4-WT or VPS4-EQ for 24 h and then infected with VSV at an MOI of 0.1 PFU/ml. Medium samples were harvested at 0, 4, 6, 8, 10, and 12 h p.i., and VSV M protein present in the medium was detected by immunoprecipitation (Fig. 4A) . M protein was first detected at 4 h p.i. (Fig. 4A, lanes 4 to 6) , and its level increased steadily through 12 h p.i. (lanes 16 to 18) . Interestingly, identical amounts of M protein were detected at all times p.i. in the absence of VPS4A (lanes 1, 4, 7, 10, 13, and 16 ), in the presence of VPS4-WT (lanes 2, 5, 8, 11, 14, and 17) , and in the presence of VPS4-EQ (lanes 3, 6, 9, 12, 15, and 18). As a control, expression of VPS4-WT and VPS4-EQ was shown to be equivalent in cell lysates, as was expression of M protein following infection with VSV (Fig. 4B) . It should be noted that identical results were obtained when human 293T cells were used rather than COS-1 cells (data not shown). In addition to detecting M protein in medium samples by immunoprecipitation, titers of infectious VSV were determined in an identical but separate experiment. COS-1 cells were transfected with the appropriate VPS4A expression plasmid as described above and then infected with VSV at an MOI of 0.1 PFU/ml. Virus yields from both VPS4-WT-and VPS4-EQ-expressing cells were virtually identical to those from mock-transfected cells at all time points examined (Fig. 4C) . These results suggest that enzymatic activity of VPS4A is not crucial for budding of infectious VSV, which is in contrast to findings obtained with infectious Ebola virus, HIV-1, and MuLV (12, 27) . Whether VSV budding is dependent on VPS4B (a human ortholog of VPS4A) or occurs independently of both VPS4A and VPS4B remains to be determined.
As further proof that VPS4A is not critical for budding of rhabdoviruses, recombinant rabies viruses expressing VPS4A proteins were recovered using reverse genetics and growth curves of recombinant and WT rabies viruses were compared. VPS4-WT, VPS4-EQ, or VPS4-KQ was inserted between the G and L genes in the full-length cDNA clone of rabies virus SPBN (Fig. 5A) . These viruses were successfully recovered from DNA by using reverse genetics, and their multistep growth kinetics were examined (Fig. 5B) . No significant differences were observed among WT SPBN and the three recombinant viruses, since they exhibited virtually identical (Ͻ1.0 log unit difference) growth curves over a 3-day period (Fig. 5B) . Thus, results using three different experimental approaches indicate that expression of DN mutants of VPS4A does not significantly affect the replication and budding of VSV and RV.
Effect of TSG101 depletion on budding of Mwt, M40, and infectious VSV. TSG101 is the mammalian ortholog of yeast VPS23, which is required for MVB formation in yeast. Mammalian TSG101 functionally interacts with HIV-1 Gag and Ebola virus VP40 in a PTAP-dependent manner (30) . We sought to determine whether depletion of TSG101 using siRNAs would affect the budding of Mwt and M40 VLPs and infectious VSV. To ensure that TSG101 siRNA was functioning properly, TSG101-specific siRNA or a nonspecific (NS) 6A) . As expected, expression of TSG101 was virtually absent in cells receiving TSG101-specific siRNA but TSG101 was readily detected in cells receiving NS siRNA (Fig. 6A) . Thus, efficient shutoff of plasmid-expressed TSG101 was evident, indicating that this siRNA transfection protocol should be sufficient to suppress synthesis of endogenously expressed TSG101. We compared the budding efficiency of Mwt and M40 VLPs in human 293T cells depleted of TSG101 as described above. As a control, equivalent amounts of Mwt and M40 proteins were detected in the cell extracts (Fig. 6B, lanes 1 to 6) . The amount of Mwt detected in VLPs was constant for cells receiving no siRNA, NS siRNA, and TSG101-specific siRNA (Fig.  6B, lanes 7 to 9) . In contrast, the number of M40 VLPs budding from cells receiving TSG101-specific siRNA was reduced an average of 2.5-fold compared to that budding from cells receiving NS siRNA (compare lanes 10 and 12). Budding of M40 VLPs from cells receiving either no siRNA or NS siRNA was identical (compare lanes 10 and 11). PhosphorImager analysis was used to quantitate the Mwt and M40 VLPs, and the results of three independent experiments are shown in Fig.  6C . It should be noted that TSG101-specific siRNA inhibited the budding of VP40-WT VLPs by a similar amount (two-to threefold) in a separate experiment (J. M. Licata and R. N. Harty, unpublished data). These results suggest that depletion of TSG101 affects the budding of M40 but does not affect the budding of Mwt in this assay.
We next sought to extend these findings by determining whether depletion of TSG101 would affect the budding of live VSV. Human 293T cells were first transfected with the appropriate siRNAs as described above and then infected with VSV at an MOI of 0.1 PFU/ml. At 10 h p.i., M protein present in the supernatant as well as in cells was detected by immunoprecipitation. In addition, the yield of infectious VSV budding from siRNA-transfected cells was determined by a duplicate plaque assay. Equivalent amounts of M protein were present in siRNA-transfected cells, and no difference was observed in the amount of M protein present in virions budding from cells receiving NS siRNA or TSG101 siRNA (Fig. 7) . Moreover, VSV was able to bud equally well from cells receiving TSG101 siRNA (2.6 ϫ 10 8 PFU/ml), or NS siRNA (2.5 ϫ 10 8 PFU/ml). Taken together, these results demonstrate that host TSG101 and VPS4A are not critical for budding of rhabdoviruses or rhabdoviral matrix proteins that possess PPxY L-domains.
DISCUSSION
In this study, we performed a functional comparison of the L-domains from Ebola virus VP40 and the VSV M protein. We sought to determine whether these L-domains were functionally interchangeable and whether host proteins VPS4A and TSG101 were functionally relevant to the budding of proteins or viruses containing these different L-domains. It has been reported that viral L-domains are interchangeable and are able to maintain their function in a heterologous background (10, This result may reflect the fact that the PTAPPEY motif of Ebola virus can utilize the cellular machinery more efficiently than can that of VSV, perhaps due to the presence of overlapping PTAP and PPEY motifs. A similar enhancement of budding was observed by Martin-Serrano et al. after inserting the VP40 motif into the HIV-1 Gag protein (30) . Ebola virus may have evolved in such a way as to maintain a remarkably efficient L-domain that functions to promote the rapid release and spread of these very large virus particles. While PTAP and PPxY motifs may ultimately direct viral matrix proteins into the same general pathway for budding, host proteins responsive to PTAP motifs may not necessarily be responsive to PPPY motifs. A number of cellular factors have been shown to functionally interact with viral L-domains. For example, the PPxY-, PT/SAP-, and YxxL-type L-domains can interact with the WW domains of the Nedd4-like E3 ubiquitin ligases, TSG101, and the clathrin adapter AP-2 and AIP1, respectively (17, 18, 25, 29, 29a, 30, 41, 47, 47a, 52, 52a, 54) . Functional interactions between TSG101 and the PTAP motifs present in HIV-1 Gag and Ebola virus VP40 have now been well documented (13, 14, 29, 30, 31, 39, 50, 52) . In addition to TSG101, VPS4A is an ATPase that functions downstream in the MVB sorting pathway and also modulates the budding of PTAP-containing HIV-1 and Ebola virus (13, 29) . Our results using three different approaches indicate that TSG101 and VPS4A are not crucial for efficient budding of M protein alone or for budding of VSV and RV. However, we cannot rule out a role for the VPS4B protein in rhabdovirus budding. The dependence on TSG101 and VPS4A for efficient budding maps to the viral L-domain present, since budding of the M40 chimeric protein containing the PTAPPEY motif from VP40 in a VSV M background was responsive to the presence or absence of TSG101 and VPS4A. As expected, budding of full-length VP40-WT was also sensitive to inhibition by depletion of TSG101 (data not shown) and by DN VPS4A mutants (Fig. 2) . Interestingly, the decreased level of budding of the VP40-dPTA mutant was not affected by coexpression of DN VPS4A (Fig. 2) . Hence like the rhabdoviral M proteins, VP40-dPTA contains only a PPxY motif and was insensitive to coexpression of DN VPS4A. This may suggest that the overlapping PTAP and PPEY motifs of VP40 are utilized to recruit different cellular proteins and machinery for budding. Ebola virus may be capable of utilizing more than one cellular pathway for budding due to the overlapping nature of its L-domains, whereas the rhabdoviruses would probably be restricted to a PPxY-dependent pathway. These findings suggest that replacement of the PPxY motifs of either VSV or RV with the PTAPPEY motif of Ebola virus may result in recombinant VSV or RV that buds more efficiently than WT viruses do. It would be of interest to determine whether such recombinant rhabdoviruses would become dependent on or remain independent of host TSG101 and VPS4A proteins for budding. These experiments using VSV and RV reverse-genetic systems are currently in progress. Conversely, replacement of the PTAPPEY motif of Ebola virus with a simple rhabdovirus-like PPxY motif may result in attenuation of Ebola virus budding. A PPxY-containing Ebola virus may no longer be capable of interacting efficiently with host proteins TSG101 and/or VPS4A, leading to a reduction in virus yield. Such findings may have important implications for future vaccine and antiviral strategies for Ebola virus.
It is known that PPxY-type motifs can interact with WW domains of cellular proteins such as Nedd4-like E3 ubiquitin ligases (17, 18, 25, 50, 54, 55) . A role for ubiquitin and ubiquitin ligases in virus budding and in protein-sorting pathways involving TSG101 and VPS4A has been documented (9, 17, 18, 24, 25, 34-38, 42, 46, 50, 55) . PPxY-containing viruses such as VSV and RV may preferentially depend on host proteins such as Nedd4 for efficient budding, rather than on TSG101 and VPS4A. More subtle mutations of the PTAPPEY sequence of VP40 are being generated to elucidate further the function of the PTAP sequence versus the PPEY sequence in mediating interactions with host proteins to promote budding (Licata and Harty, unpublished) . Since many of the matrix proteins of RNA viruses contain more than one L-domain motif (15, 26, 29, 48) , it is important to determine whether one or multiple L-domains are necessary for virus budding. VSV M protein contains a PSAP motif downstream of the PPPY motif; however, a role for the PSAP motif in budding remains unclear.
Since depletion of TSG101 did not affect the budding of Mwt or VSV, a biologically relevant interaction between VSV PSAP and host TSG101 is unlikely. In addition, we have recently recovered a PSAP mutant of VSV by reverse genetics, and preliminary findings indicate that the PSAP mutant virus replicates and buds just as well as WT VSV from BHK-21 cells (T. Irie and R. N. Harty, unpublished data).
Although many published reports have focused on the functional similarities of viral L-domains and mechanisms of RNA virus budding, it is not surprising that important differences have also been noted (11, 53, 56 ; also see above). For example, the L-domain of HIV-1 Gag functions in a cell type-dependent manner (11) , and not all L-domains are functionally interchangeable (53, 56) . In addition, certain L-domains can functionally replace the positively charged region within influenza virus M1 protein, whereas others cannot (20) . Finally, viruses such as Ebola virus, HIV-1, and influenza A virus appear to bud preferentially from lipid-raft microdomains whereas rhabdoviruses appear to bud from nonraft membrane domains (6, 8, 33, 44) . Such differences in the budding sites of RNA viruses may correlate with the need for different cellular proteins and/or pathways required for virus budding.
In summary, our findings suggest that in addition to many similarities, there are fundamental differences in the budding mechanisms of rhabdoviruses and filoviruses. The composition of the viral L-domain and perhaps flanking sequences appears to dictate which host proteins and machinery will be important for efficient budding. Experiments to identify proteins other than TSG101 and VPS4A (e.g., Nedd4-like ubiquitin ligases and ubiquitin itself) that may be important for the budding of PPxY-containing rhabdoviruses are under way.
